The nucleotide sequence ofPseudomonas aeruginosa phoB was determined. The sequence data suggest that the PhoB polypeptide consists of 229 amino acid residues and has a predicted molecular weight of 25,708. In the regulatory region of the gene, a very well conserved phosphate box was found. The sequence data also predicted the presence of an open reading frame downstream of phoB, which could be phoR. The deduced amino acid sequence ofphoB was significantly homologous to that of the Escherichia coli phoB gene product and to those of several known procaryotic transcriptional regulators such as PhoP, OmpR, VirG, Dye, NtrC, and AlgR.
The nucleotide sequence ofPseudomonas aeruginosa phoB was determined. The sequence data suggest that the PhoB polypeptide consists of 229 amino acid residues and has a predicted molecular weight of 25,708. In the regulatory region of the gene, a very well conserved phosphate box was found. The sequence data also predicted the presence of an open reading frame downstream of phoB, which could be phoR. The deduced amino acid sequence ofphoB was significantly homologous to that of the Escherichia coli phoB gene product and to those of several known procaryotic transcriptional regulators such as PhoP, OmpR, VirG, Dye, NtrC, and AlgR.
Like nitrogen, phosphorus compounds are essential constituents in biological organisms. In spite of its relative abundance in nature, phosphate is a growth-limiting factor for many organisms because much of its natural supply occurs as insoluble salts. To deal with phosphate limitation, bacteria have evolved complex regulatory systems to assimilate phosphorus very efficiently.
During the past several years, it has been recognized that several global regulatory networks in bacteria are controlled by transcriptional regulators which belong to a class of two-component regulatory systems that are responsive to environmental stimuli (1) . More than 32 genes are expressed when Escherichia coli is grown under phosphate starvation conditions (31) . The PhoB-PhoR pair is involved in the control of a large number of genes that are responsive to phosphate limitation (30) . This collection of genes, all of whose promoters require PhoB, has been termed the pho regulon (30) . In phoR mutants, the expression of some of these genes depends on a gene designated phoM (31) , which is not part of the pho regulon. In Pseudomonas aeruginosa, phosphate limitation results in the synthesis of several protein species. These include alkaline phosphatase, an outer-membrane channel-forming protein (protein P), a binding protein for Pi and a hemolytic and a nonhemolytic phospholipase C (12, 13, 21, 22; R. M. Ostroff, A. I. Vasil, and M. L. Vasil, submitted for publication). Several other unidentified periplasmic proteins are also derepressed in low-phosphate medium (10) . The mechanisms of phosphate regulation in P. aeruginosa have not yet been characterized in detail.
We have previously identified and cloned two P. aeruginosa genes which can complement phoB and phoR mutations in E. coli (7) . This suggests that a pho regulon system, similar to that in E. coli, may exist in P. aeruginosa, with at least two similar regulatory factors.
In this report, we describe the nucleotide sequence of the P. aeruginosa phoB gene; the translated sequence of phoB was found to be highly homologous to sequences of a class of environmentally responsive regulatory genes (1) . We also * Corresponding author.
show that the phoR gene is adjacent to phoB, and we discuss the regulatory system of phosphate-controlled gene expression in this microorganism.
The phoB gene was located on a 16-kilobase-pair DNA fragment cloned in the broad-host-range cosmid pLAFR3 (8) . DNA from plasmid pPHOB3 was prepared by the method of Maniatis et al. (18) . To determine the approximate location of the phoB gene, pPHOB3 DNA was digested with various restriction enzymes and fragments were subcloned in plasmid pUC19 (35) . The recombinant plasmid DNAs were used to transform E. coli LEP1 (phoB23 mutant) (7) , and the transformants were then tested for a wild-type phenotype (blue colonies on LP-XP plates). These plates contained Tris-glucose medium supplemented with 0.3% Proteose Peptone (Difco Laboratories) (phosphate-limiting medium) to induce Pi starvation, 50 ,ug of 5-bromo-4-chloro-3-indolyl phosphate per ml, and 1% agar. For high-Pi medium (HP-XP plates), 5 mM P1 was added (7) . The phoB gene was functional on a 4.6-kilobase-pair BamHI insert. This recombinant plasmid was called pUB4.6.
To localize the gene more precisely, we constructed a restriction map of pUB4.6 and obtained various derivatives by deletion or subcloning ( Fig. 1 ). Results from complementation tests on LP-XP plates suggested that phoB was located within the 1,300-base-pair (bp) PstI,-BalI2 fragment ( Fig. 1, plasmid pUBL1 .3).
We determined the nucleotide sequence of a 1.35-kilobase-pair region that includes the phoB locus. DNA fragments (PstIh-PstI2 and PstI2-PstI3) were subcloned into the BlueScript M13KS+ vector (Stratagene). Plasmids carrying clustered deletions were then obtained from these constructs by exonuclease III and mung bean nuclease action. The helper bacteriophage M13K07 was used to obtain phage particles carrying single-stranded plasmid DNA. The nucleotide sequence was determined by the dideoxynucleotidechain termination method of Sanger et al. (24) and by using Sequenase (Genofit). The DNA sequence of the Bafl2-BamH1 1.34-kilobase-pair DNA fragment is shown in Fig. 2 The first open reading frame (positions 283 to 969) encodes a protein product of 229 amino acids with a predicted molecular weight of 25,708 which was subsequently identified as PhoB. This gene has a G+C content of 65%, with an intermediate codon usage bias (86% G or C) in the third position. This is typical of chromosomally encoded Pseudomonas genes (33) . A homology search with the Align program (20) showed extensive homology of this protein with the PhoB proteins of E. coli (16) and Bacillus subtilis (25) . Figure 3 shows their amino acids sequences. A close homology between the proteins of the three organisms was found throughout the sequence, with the 125 amino-terminal amino acids being particularly conserved (Fig. 3 ). The homology was greater between P. aeruginosa and E. coli PhoB proteins (59%o identical and 76% similar amino acids) than between P. aeruginosa and B. subtilis PhoB proteins (40%o identical and 59% similar amino acids). Computer analysis also revealed that the opposite strand encoded a large potential open reading fiame (extending from positions 1143 to 244) which is virtually superimposable to phoB (Figs. 1 and 2).
It is well known that the E. coliphoB gene product belongs to a class of environmentally responsive regulatory proteins such as OmpR (3), VirG (34), Dye (5), NtrC (2), and AlgR (4). The deduced amino acid sequence of P. aeruginosa PhoB was compared with those of the regulatory proteins by using the Align algorithm. The P. aeruginosa PhoB Nterminal domain showed a strong similarity to the aminoterminal domains of this family of response regulators (Fig.  4 ). This domain has been implicated in the reception of signals transmitted through a sensor protein (1, 29) , PhoR in this case. In E. coli, PhoR modulates the activator function of PhoB by phosphorylation-dephosphorylation of PhoB (14, 29) . Signal transduction by phosphorylation appears to be a common mechanism for two-component regulatory systems (1, 29) . It was also demonstrated that phosphorylation of PhoB enhances its binding activity to the pho boxes ofpstS, one of the pho regulon genes, and activates transcription from this promoter (14) . Pairwise comparson of protein sequences revealed a closer relationship between P. aeruginosa PhoB and E. coli OmpR than between P. aeruginosa PhoB and AlgR, another regulatory protein recently identified by P. aeruginosa ( Fig. 4 ) (4). More specifically, in the second block of homology (positions 47 to 126), there was 61% identity (81% homology with conservative substitutions) between P. aeruginosa PhoB and E. coli OmpR, while there was only 30%o identity (60% similarity) between P. aeruginosa PhoB and P. aeruginosa AIgR.
In E. coli, the two regulatory genes phoB and phoR constitute an operon, with a 61-bp intercistronic sequence between the termination codon of phoB and the initiation codon of phoR (17, 32) . Both genes are induced by phosphate limitation, and the phoBR operon is positively regulated by the PhoB protein (28) . In B. subtilis, the two genes also constitute an operon similar to that of E. coli (26) .
The second reading frame (positions 1045 to 1341) found in the presented DNA sequence (Fig. 2 ) could encode the P. aeruginosa phoR gene. The deduced truncated polypeptide consists of 96 amino acid residues of the N-terminal region. When similarities were analyzed, the encoded polypeptide showed a high degree of homology to the PhoR protein of E. coli (17): 31% identical and 45% similar amino acids. Moreover, this 96-amino-acid region shows an extensive hydrophobic region, like that present in the amino-terminal portion of the E. coli PhoR protein (residues from about 18 to 60). There is a 74-bp region between the two open reading fiames, and no obvious terminator structure was found in this region. We found a sequence that may form a stemand-loop structure with a AG value of -18.7 kcal(ca. -78.2 kJ)/mol (Fig. 2) ; this structure is neither a typical rhoindependent terminator nor a rho-dependent terminator, since it is not followed by either CAA residues or several T residues. Such a structure, with the same AG value, was also found in the intercistronic region in E. coli, and it was postulated that it could function as a transcriptional attenuator (17) . The organization of phoB and phoR in P. aerugi- IL  A  t0  20  30  40  50  60   CCTGCCATCG ACCA6CACBC CGTCCTTCTC GT6CCGGC6C CACC6TTCTG GCCA6CGC6C  6GAC6GTAGC T6GTCGTGC6 GCA6GAAGAG CAC66CCGCG GT6GCAAGAC C6STC6CGCG   70  80  90  100   1t0   120  GAAC6CC66C AGGCCAGCGC CAGACCA6CG CCGATGATTC T6TTCATC6C GTCTCTCTCC  CTTGCGGCCG TCC6GTC6C6 GTCT6GTC6C 6GCTACTAAG ACAAGTAGCG CAGA6AGAG6   130  140  150  160  170  180  TGT6TCTTCA 6GTGGAGCGT TCGCCGCCC6 CAGGACGGCA CCG6AACCT6 TTGAGCATAG  ACACA6AAGT CCACCTCGCA A6CGGCG66C GTCCTGCCGT GGCCTTG6AC AACTC6TATC   190  200  210  220  230 Nucleotide sequence of the phoB region. The deduced amino acid sequences of the phoB and phoR genes are given above the DNA sequence. The termination codon ofphoB (nucleotide 972) is marked with asterisks. The putative ribosome binding site, -10 region, and Pho box are overlined. Arrows indicate the inverted repeat region whose transcript may form a stem-and-loop structure.
nosa is reminiscent of that in E. coli and thus suggests that they may form an operon.
The nucleotide sequence upstream of the coding region of phoB was examined for structures that could be relevant for the transcriptional regulation of the gene. In E. coli, an 18-nucleotide consensus sequence (phosphate [pho] box) located approximately 15 to 21 nucleotides upstream from the Pribnow box (-10 region) was found for several genes of the pho regulon, including phoB itself (16) . This pho box represents the region to which the PhoB protein binds (15) .
The 18-bp sequence located between positions 216 and 233 closely matched with the E. coli consensus pho box sequence (14 of 18 nucleotides identical) (Fig. 2) . By now, three other phosphate starvation-inducible genes in P. aeruginosa have been sequenced (23, 27; Ostroff et al., submitted) . The pho boxes located upstream from the phoB and oprP genes are located 10 nucleotides from a -10 putative site, close to the E. coli consensus sequence. In the case ofp1cS, no obvious homology could be found in the -35 region, but a pho box-like sequence located 201 bp from the transcription start site was found. The gene encoding the nonhemolytic phospholipase, plcN, also has a Pho box-like sequence located 170 bp upstream of the translational start site. plcN is 50-fold induced by Pi starvation, while plcS is only 6-fold induced by Pi starvation (Ostroff et al., submitted). However, these two hypothetical pho boxes are located too far upstream from the usual position to ascertain, without any mutational or protein-binding analysis, whether they are functional.
One regulatory mutation, designated plcA, was isolated and located at 22 to 23 min (10 min on the recalibrated map [19] ) on the P. aeruginosa chromosome (11) . Strain ASON (plcA) was markedly deficient in the production of phospholipase C, alkaline phosphatase, and several unidentified extracellular proteins (9) . Thus, this strain behaves like an E. coli strain which carries a mutation in phoB. To check the ability of the cloned phoB from P. aeruginosa to complement the plcA mutation, the recombinant plasmid pPHOB3 was mobilized by triparental mating from E. coli to strain ASON by using the conjugative helper plasmid pRK2013 (6) . A good complementation was observed, since a wild-type phenotype was restored on LP-XP plates. We then concluded that the pIcA mutation is located in the phoB gene.
The complete nucleotide sequence of the P. aeruginosa phoB gene is reported in this study. We showed that PhoB protein is highly homologous to its counterpart in E. coli and to other regulatory proteins of the same family. Arguments are given to show that the genetic organizations of the regulatory genes phoB and phoR in P. aeruginosa are similar to those of the same genes in E. coli and B. subtilis. These two genes could constitute an operon, with phoB being promoter proximal. The presence of a very well conserved pho box in the regulatory region of phoB emphasizes the close relationships in phosphate regulation among these widely divergent organisms. We conclude, therefore, that B. subtilis, E. coli, and P. aeruginosa possess similar phosphate-regulated gene systems consisting of two components, which may be generally present among procaryotic cells. 
